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POLYMER NANOCOMPQfllTES FORMED BY MELT PROCESSING 
OF A POLYMER AND AM EXFOLIATED LAYERED MATERIAL 
DERIVATIZED WITH REACTIVE ORGANO SILANES 

5 

BACKGROUND OF INVENTION 

1. Field of the invention 

This invention relates to a process for forming a 
10 composite material comprising a polymer matrix having 
dispersed therein platelet particles, derived from 
swellable intercalated layered materials derivatized 
with reactive organosilane compounds, and to composite 
materials formed by the process of this invention. 
15 More particularly, this invention relates to such a 
process where the intercalated layered material has 
layers which are compatible with the polymer of the 
matrix, such that during the process the polymer- 
compatible layers of the intercalated material 
20 dissociate one from the other to form platelet fillers. 

2. Prior Art 

A specific category of polymer composites has been 
described as a composite material comprising a polymer 

25 matrix having uniformly dispersed therein layers of 

silicate. Such nanocomposites are described in US Pat 
Nos. 4,739,007; 4,618,528; 4,528,235; 4,874,728; 
2,531,396 and 4,810,734; Deutsches Pat. 3808623 Al; 
Japanese Patent J 02 208358 A; EPA 0,398,551, 

30 0,358,415, 0,352,042 and 0,398,551; and technical 

publications by the patentees (J. Inclusion phenomena 
5, (1987), 473-483; g^Y Minerals, 23, (1988) ,27; 
Polym. Preprints, 32, (April 1991), 65-66; Polym. 
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Prints . 21i (August 1987) , 447-448; and Japan Kokai 
76,109,998. 

SUMMARY «THE INVENTION 
5 This invention relates to a process for forming a 

polymeric composite which comprises platelet particles 
dispersed in a polymeric matrix which comprises the 
steps of: 

(a) forming a "flowable mixture* comprising a 
10 melt-processible polymer and a swellable and polymer* 

compatible intercalated layered material comprising 
layers having reactive organo silane species covalently 
bonded to their surfaces said species being compatible 
with said polymer and are reactive with said polymer 
15 under process conditions to form covalent bonds 
thereto; and 

(b) subjecting said mixture to a shear having a 
shear rate which is sufficient to dissociate all or a 
portion of said layers one from the other to form 

20 platelet particles having an average thickness equal to 
or less than about 50 A, and preferably having a 
maximum thickness of 100 A, and to uniformly disperse 
said platelet particles in said polymer to form said 
polymer composite. 

25 Another aspect of this invention relates to a 

composite material comprising a polymeric matrix which 
comprises a melt processible polymer having uniformly 
dispersed therein platelet particles having an average 
thickness equal to or less than about 50 A and 

30 preferably having a maximum thickness equal to or less 
than about 100 A, said material further comprising an 
organosilane species covalently bonded to a surface of 
said particles and covalently bonded to a polymer in 
said polymeric matrix. 
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The polymeric compositions of this invention 
exhibit one or more advantages over prior art 
composites as for example those described in U.S. 
Patent Nos. 4,739,007; 2,531,396 and 4,410,734; 
5 Deutsches Pat. 3,808,623 Al; Japanese Patent No. 02 
208358A and EPA 0,398,551; 0,358,415; 0,352,042 and 
0,398,551. For example, the composite of this 
invention exhibits improved properties such as yield 
strength in the presence of polar solvents such as 

10 water, methanol, ethanol and the like. Other 
advantages include enhanced heat resistance and 
enhanced impact strength. They also exhibit superior 
resistance to diffusion of polar liquids and of gases 
in the pressure of polar media. In addition, they 

15 exhibit superior ability to fix dyes. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
OF THE INVENTION 

The first step of this invention comprises forming 

20 a M f lovable mixture" comprising one or more polymers in 
a "polymer melt" and at least one "svellable and 
polymer-compatible intercalated layered material" which 
comprises polymer-compatible and reactive layers that 
are compatible and reactive with at least one of said 

25 polymers. As used herein, a "flowable mixture" is a 
mixture which is capable of flowing at the submicron 
scale so that the layered materials may exfoliate into 
platelet particles comprising individual or a small 
multiple of layers, which may in turn disperse within 

30 the polymer mixture. As used herein, a "polymer melt" 
is a melt processible polymer or mixture of polymers 
which has been heated to a temperature sufficiently 
high to produce a viscosity low enough for submicron 
scale mixing to occur. Temperatures used in the first 

35 step are not critical and can be varied widely as 
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d sired provided that the polymer employed is in the 
state of a polymer melt* In the preferred embodiments 
of the invention, process temperature should be at 
least as high as the melting point of the particular 
5 polymer employed, and below the degradation temperature 
of the polymer. In the more preferred embodiments of 
this invention, where the polymer is a thermoplastic 
polymer, the process temperature is such that the 
polymer will remain in the polymer melt during the 
10 conduct of the process. In the case of a crystalline 
thermoplastic polymers, the temperature is above the 
polymer's melting temperature. For example, a typical 
nylon 6 having a melting point of about 225 *C can be 
melted in an extruder at any temperature equal to or 
15 greater than about 225*0, as for example between about 
225°C and about 325°C. For nylon 6, a temperature of 
preferably from about 250°C to about 260°C is normally 
employed. In the cases of amorphous thermoplastics and 
vulcanizable rubbers, it is a temperature at which the 
20 viscosity is sufficiently low that processing of the 
polymer can be performed by conventional means. 

The manner in which the f lowable mixture is formed 
is not critical and conventional methods can be 
employed. For example, the f lowable mixture can be 
25 prepared through use of conventional polymer and 

additive blending means, in which the polymer is heated 
to a temperature sufficient to form a polymer melt and 
combined with the desired amount of the intercalated 
layered material in a granulated or powdered form in a 
30 suitable mixer, as for example an extruder, a Banbury 
Mixer, a Brabender mixer , a continuous mixer and the 
like. The polymer melt containing nano-dispersed 
delaminated layered material may also be formed by 
reactive extrusi n in which the layered material is 
35 initially dispersed as aggregates or at the nanoscale 
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in a liquid or solid m nom r and this monomer is 
subsequently polymerized in an extruder or the like. 
Such monomer or other reactive solid or liquid 
dispersion can be injected into a polymer melt 
5 containing one or more polymers in an extruder or other 
mixing device. The injected liquid may result in new 
polymer or in chain extension or grafting to the 
polymer initially in the melt. Alternatively, the 
polymer may be granulated and dry mixed with the 

10 intercalated layered material, and thereafter, the 

composition may be heated in a mixer until the polymer 
is melted forming the flovable mixture* As described 
above, the flovable mixture is, in the second step, 
subjected to a shear in a mixer sufficient to form the 

15 dispersed nanocomposite structure of platelet particles 
in the polymer melt, and it is thereafter cooled. 

Best results are generally obtained when the 
flowable mixture includes as little water as possible 
in order to avoid hydrolytic cleavage of the polymer 

20 and/ or generation of void defects. Some polymers such 
as polyolefins can tolerate more than about 0.25% water 
by weight during melt processing, while others (such as 
condensation polymers as for example polyamides and 
polyesters) may be degraded if processed with water 

25 content greater than about 0.1% by weight. 

Consequently, in the most preferred embodiments, both 
the polymer and the intercalated layered material are 
rigorously dried and contain substantially no water. 
Ideally, the intercalated layered material is free of 

30 water that can be desorbed at temperatures up to the 
processing temperature . However, good results can be 
obtained when the intercalated layered material 
contains as much as about 2% by weight water and 
comprises less than about 5% by weight of the flowable 

35 mixture. For compounding with condensation polymers, 
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the intercalated layered material preferably contains 
less than about 1% by weight , more preferably less 
than about 0.5% by weight water and most preferably 
less than about 0.25% by weight water. 
5 As a first essential ingredient, the f lovable 

mixture includes a "swellable and polymer-compatible 
reactive intercalated material 11 . As used herein, a 
"swellable and polymer-compatible reactive intercalated 
layered material" is a swellable layered material which 
10 as been intercalated by a neutral or ionic intercalant 
or intercalants comprising one or more reactive organo 
silanes compounds. The organo silane compounds are 
critical and have moieties that are reactive with the 
surfaces of the layers of the layered material and with 
15 one or more polymers in the matrix. These compounds 
function as reactive swelling/compatibilizing agent 
which act to weaken the interlayer cohesive energy by 
swelling the interlayer distances and increase the 
compatibility and bonding of the layers with the 
20 polymer melt by having covalent bonds with both the 
layers and the polymer. 

Swellable layered materials are materials 
comprising planar layers arrayed in a coherent, 
coplanar structure between the intercalant or 
25 intercalants and a layer surface, where the bonding 

within the layers, is stronger than the bonding between 
the layers such that the materials exhibit increased 
interlayer spacing in their intercalation compounds. 
The intercalants or intecalants may be introduced into 
30 the interlayer spaces by either insertion, in the case 
of neutral molecules, or ion exchange, in the case of 
ions. The intercalants may be introduced in the form 
of a solid, liquid, gas, or solute. The intercalants 
may be introduced into the spac s between ev ry layer, 
35 n arly every layer, or a large fraction (greater than 
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about 75%) f the layers of the layered material such 
that the resulting platelet particles comprise less 
than about 10 layers in thickness. The platelet 
particles are preferably less than about 8 layers in 
5 thickness, more preferably less than about 5 layers in 
thickness, and most preferably, about 1 or 2 layers in 
thickness . 

Any svellable layered material having the above 
referenced characteristics may be used in the practice 
10 of this invention. Useful swellable layered materials 
include phyllosilicates. Illustrative of such 
materials are smectite clay minerals such as 
montmorillonite, nontronite, beidellite, volkonskoite, 
hectorite, saponite, sauconite, magadiite, and 
15 kenyaite; vermiculite; and the like. Other useful 
layered materials include illite minerals such as 
ledikite and admixtures of illites with the clay 
minerals named above. Other useful layered materials, 
particularly useful with anionic polymers, are the 
20 layered double hydroxides, such as MgeAla.JOHhg.etCOahy 
H 2 0 (see W.T. Reichle, J. Catal., M (12985) 547), 
which have positively charged layers and exchangeable 
anions in the inter layer spaces. Other layered 
materials having little or no charge on the layers may 
25 be useful in this invention provided they can be 

intercalated with swelling agents which -expand their 
interlayer spacing. Such materials include chlorides 
such as ReCl 3 and FeOCl, chalcogenides such as TiS 2 , 
MoS 2 , and MoS 3 , cyanides such as Ni(CN) 2 , and oxides 
. 30 such as H 2 Si 2 0 3 , V 6 0 l3 , HTiNb0 5 , Cr 0>5 V 0<5 S 2 , W 0 2 V 2>a O 7 , Cr 3 0 8 , 

Mo0 3 (0H) 2 , V0P0 4 -2H 2 0, CaP0 4 CH 3 -H 2 0, MnHAs0 4 -H 2 0, 
. AggMOioOaa, and the like. 

Preferred swellable layered materials are those 
having charges on the layers and exchangeable ions such 
35 as sodium cations, quaternary ammonium cations, calcium 
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cati ns and the like betv en the layers which can be 
intercalated by useful reactive organosilane compound 
by an ion exchange mechanism. More preferred layered 
materials are thos having negative charges or basic 
5 sites on the layers, preferably at least about 20 basic 
sites per 100 g of material, more preferably at least 
about 50 basic sites per 100 g of material and most 
preferably from about 50 to about 120 basic sites per 
100 g of material. Host preferred swellable layered 
10 materials are phyllosilicates having a negative charge 
on the layers ranging from about 0.2 to about 0.9 
charges per formula unit and a commensurate number of 
exchangeable cations in the inter layer spaces. 
Particularly preferred layered materials are smectite 
15 clay minerals such as montmorillonite, nontronite, 
beidellite, volkonskoite, hectorite, saponite, 
sauconite, magadiite, and kenyaite, with hectorite and 
montmorilonite having from about 20 basic sites to 
about 150 basic sites per 100 g material being the 
20 layered material of choice. 

The interlayer spacing of the 
swellable/ compatibilized layered material is critical 
and exfoliation must be sufficient large to allow for 
the desired dispersion of the layers during the 
25 process. As used herein, the "inter-layer spacing" 
refers to the distance between the faces of the layers 
as they are assembled in the intercalated material 
before any delamination (or exfoliation) takes place. 
The preferred clay materials generally include 
30 interlayer or exchangeable cations such as Na + , Ca t2 , 
K + , Mg +2 and the like. In this state, these materials 
do not delaminate in host polymer melts regardless of 
mixing, because their interlayer spacings are usually 
gual to or 1 ss than about 4 A. Consequently, the 
35 ' interlayer cohesiv energy is r latively strong. 
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M reover, th metal cations do not aid compatibility 
between and are not reactive with the surface of the 
layers and the polymer melt. On treatment with a 
suitable reactive organosilane compound of sufficient 
5 size, these layered materials are intercalated by the 
organosilane compound which reacts with the surfaces of 
the layered materials forming covalent bonds therein to 
increase interlayer distances to the desired extent. 
In general, the interlayer distance should be greater 

10 than about 4 A, as determined by x-ray diffraction, in 
order to facilitate delamination of the layered 
material at the nanoscale. In the preferred 
embodiments of the invention, the interlayer distance 
is at least about 8 A and more preferred interlayer 

15 distances are at least about 15 A. 

In order to facilitate delamination of layered 
materials into platelet particles and prevent 
reaggregation of the particles, these layers are 
intercalated with swelling/ compatibilizing agents 

20 comprising one or more reactive organo silane compounds 
which bonds to the surface of the layers and which 
contains one or more moieties which can form covalent 
bonds with the polymer under process conditions. The 
reactive organo silane swelling/compatibilizing agents 

25 include a moiety or moieties which react with the 

surface of the layers displacing, totally or in part, 
the original ions and which bonds to the surface of the 
layers by way of one or more Si-0 bonds which function 
as covalent bonds. The reactive organic silane 

30 compounds remain bonded to the surface of the layers 
during and after melt processing as a distinct 
interphase that is different from the bulk of the 
matrix polymer. The reactive organo silane 
swelling/compatibilizing agents also include a moiety 

35 or moieties whose cohesive energies are sufficiently 
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similar to that of th polymer that the surface of the 
platelets is made more compatible with at least one 
polymer, thereby enhancing the homogeneity of the 
dispersion in the polymeric matrix and which react with 
5 the polymer forming the matrix to form covalent bonds 
between the agent and the polymer during melt 
processing such that the layered material, which are 
essentially covalently bonded to the organo silane 
swelling/compatibilizing agent, becomes covalently 
10 bonded to the polymer. As used herein "compatible 11 
refers to the extent to which the polymer matrix and 
the surface coating on the platelet particles (the 
compatibilizing agent) have a favorable interaction 
which promotes the intermingling of the matrix polymer 
15 and the surface layer in the interphase region. 

Compatibility derives from one or more of the following 
criteria: similar cohesive energy densities for the 
polymer and the derivatized platelets, similar or 
complimentary capacities for dispersive, polar, or 
20 hydrogen bonding interactions, or other specific 

interactions, such as acid/base or Lewis-acid/Lewis- 
base interactions. Compatibilization will lead to an 
improved dispersion of the platelet particles in the 
matrix and an improved percentage of delaminated 
25 platelets with a thickness of less than 50 A. 

The swelling/compatibilizing reactive agents 
comprise organo silane compounds which are covalently 
bonded to the layers and which include functional 
groups which are reactive and compatible with the 
30 polymer forming the polymer matrix. Illustrative. of 
such compunds useful in the practice of this invention 
are silane agents of the formula: 

(-)n&iR(4- n . 10 )R m 

wh r (-) is a covalent bond to the surfac of the 
35 layer, m is 0, 1 or 2; n is 1, 2 or 3 with th proviso 
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that the sun of m and n is equal to 3; R 1 is a non- 
hydrolyzable organic radical and is not displaceable 
during the formation of the composite; R is the same or 
different at each occurrence and is an organic which is 
5 bonded to the Si atom, and radical which is not 

hydrolyzable and displaceable during the formation of 
the composite which is reactive with the polymer matrix 
or at least one polymeric component of the polymer 
matrix to form covalent bonds between the reaction 

10 residue of R and the polymer and with the further 

proviso that at least one R group is compatible with 
such matrix. 

Illustrative of useful R 1 groups are alkyl, 
alkoxyalkyl, alkylaryl, arylalkyl, alkoxyaryl and the 

15 like. Preferred R 1 groups are alkyl groups, more 

preferred R 1 groups are alkyl having from l to about 4 
carbon atoms and most preferred R 1 groups are methyl 
and ethyl. 

R groups are critical to the invention. R is 
20 apolymeric, oligomeric or monomer ic radical having any 
number of carbon atoms which is selected from the group 
consisting of organic radicals which are compatible 
with the polymer forming the composite and which has 
substituents which are reactive with the polymer such 
25 as nucleophilic or electrophilic moieties which are 
capable of electrophilic or nucleophilic displacement 
reactions, coupling reactions varyring opening 
reactions and the like as for example amino, car boxy, 
acylhalide, acyloxy, hydroxy, isocyanato ureido, halo, 
30 epoxy, epichlorohydrin and the like. 

In the preferred embodiments of the invention 
silane agents are the formula: 

(~)nSiR(4-n-m)R n 

35 wherein: 
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(-) is a c valent b nd between the silic n at m and 
the surface of the platelet; 

R 1 is alky 1, cydoalkyl, allcoxyalkyl, phenyl , 
phenylalkyl, alkoxyphenyl and alJcylphenyl; 
5 R is an organic radical having at least one 

functional group which is capable of reacting with one 
or more polymeric components of the polymeric matrix to 
form covalent bonds, which radical may optionally 
include one or more heteroatoms or carbonyl atoms; 
10 m is 0, 1 or 2; and 

n is 1, 2 or 3 with the proviso that the sum of m 
and n is equal to 3. 

In the more preferred embodiments of the invention 
the silane agents are of the above formula in whihc: 
15 (-) is a covalent bond between the silicon atom and 

the surface of the platelet; 

-R x is alkyl preferably alkyl or from l to about 4 
carbon atoms, and more preferred methyl or ethyl; 
m is 0 or 1; 
20 n is 2 or 3; and 

-R is an aromatic or a aliphatic radical of the 
formula: 

-R 3 -Z 3 

25 wherein: 

-R 3 - is a divalent aromatic chain or aromatic chain 
which optionally includes one or more divalent 
heteroatoms or carbonyl groups in the chain; and 

Z 3 is a moiety of the formula: 
30 -N(R 4 )C(0)N(R*), -C(R*) 2 -X-CR=C(R*) 2 , -NH(R*) 2 , ' 

A 

-S'M-% -OV, - OH, -eR4=C(R*) 2 , -C(0)X, -SB, -S(0) 2 X, 

4cco-[-c(R*) 2 y 

4C(0) [CfR'hJ^ where -S«H, -S 2 H, -S(0)X, -C(O)- 



35 
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N(R*) a , -N=C=0, -C(O)OR*-C(0)0M + , and th lik / 

p is an integer of from about 3 to about 201; 
X is CI, Br or 1; 

H is a metal cation such as Li*, Na* and K*; and 
5 R* is the same or different at each occurrence and 

is the hydrogen or alkyl (preferably alkyl having from 
1 to about 10 carbon atoms, more preferably having from 
1 to about 6 carbon atoms and most preferably from 1 to 
about 4 carbon atoms) . 
10 In the most preferred embodiments of the invention 

reactive silane agents are of the above formula in 
which: 

(-) is a covalent bond between the silicon atom and 
the surface of the platelet; 
15 R is a moiety of the formula 



-R 3 -Z 3 



wherein: 



-R 3 - is divalent substituted or unsubstituted 
alkylenephenylene, alkylenephenylenealkylene or a 
20 divalent moiety selected from the group consisting of: 

-(R 5 -Z 2 )- r or - (R 5 -Z 2 ) - r R 5 - 

wherein: 

R 5 is the same or different at each occurrence and 
is substited or unsubstituted alkylene or phenylene 

25 (preferably where the aliphatic moieties include from 1 
to about 10 carbon atoms, more preferably from 1 to 
about 7 carbon atoms and most preferably from 1 to 
about 4 carbon atoms) wherein permissible substituents 
are one or more hydroxy, cyano, or alkoxy or alkyl 

30 (preferably having from 1 to about 10 carbon atoms, 
more preferably having from l to about 7 carbon atoms 
and most preferably having from 1 to about 4 carbon 
atoms) ; and 
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r is an integer equal to or greater than 1 
(preferably from 1 to about 15 f more preferably from 1 
to about 10 and most preferably from 2 to about 6) ; 
~Z 2 - is the same or different at each occurrence 
5 and is-O- , -NH- , -C (0) - , -OC (0) - , -If (H) C (0) - or - 
N(H)C(0)N(H)-; 

Z 3 is a moiety selected from the group consisting 

O 

- - + /N 

Of -CH 2 X, -CH=CH 2 , -NH 2 , -OH, -Om , HC=CH 2 ,- C (0) X, -SH, 
10 -SM + , -S 2 H, -S 4 H, -C(0)NH 2 , -llc(0)-t-C(H) 2 jJ p# and 
-N=O0; 

X is CI, Br or I; 

M + is a metal cation such as Li*, Na + and K*; and 
P is an integer from about 3 to about 20. 
15 Silanes having reactive substituents are selected 

for particular classes of matrix polymers based on the 
reactivity and specifically of the reactive moiety. 
For example, polyamides are acid terminated and/ or 
amine terminated, and polyesters are acid terminated 
20 and/ or hydroxy terminated. Thereof, reactive 

functional groups which react with acid, amine or 
hydroxy functions to form covalent bonds can be 
conveniently used with polyesters and polyamides. 
Specific reactive functions such as -NH 2 , -N=C=0, 
25 COHH21 -OH, -0~M + (where M is a metal cation), -C(0)X 
(where X is Cl, Br, or I) and the like may be 
includedin the reactive silane compound to react with 
reactive functionalities contained in polyesters and 
polyamide. 

30 Similarly, silanes containing functions such as 

-NH 2/ -CH 2 -X (where X is Cl, Br or I) , -CH 2 =CH 2 ,-SH, sV 
(where M + is a metal cation such as Na + , Li + and K + ) and 
S«H can be conveniently reacted with polyolef ins and 
halogenated polyolef ins such as poly ( ethylene ) , 

35 poly (propylene) , polyfchlorotrifluoroethylen ) or 
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poly lef in lastom rs such as butyl rubber to form 
covalent bonds between the polyolef ins and the reactiv 
silane. Likewise, polyvinyls such as poly (vinyl 
chloride), poly ( co-ethyl ene vinyl alcohol) and the lik 
5 can be reacted with silanes containing 

-NH 2 , -CH 2 -X (wherein X is CI, Br and I), -OH, 
O 

-CH-CH 2 / -0"M + (where M is a metal cation such as Li + , 
Na + and K + ) , and the like, 

10 More preferred silanes are those having 

substituents that react with thermoplastics and 
vulcanizable elastomers as described, for example, in 
the catalog of Huls America, Inc.. These include, 
silanes having alkoxy, acyloxy, amino, and halo 

15 functional groups which may be reacted with 

intercalated layered material in an organic solvent 
such as propanol, toluene, and dioxane. Most preferred 
reactive silanes are alkoxy and acyloxy substituted 
silanes which hydro lyze slowly in water and may be used 

20 to treat aqueous dispersions of unintercalated layered 
material. The reactive silanes of choice include 
isocyanatopropyltriethoxysilane and 1-trimethoxysilyl- 
2- (m, p-chloromethyl) phenylethane . 

Layered material may be derivatized by a single 

25 silane, or by a mixture of silanes, or by a mixture of 
one or more silanes with one or more other 
swelling/compatibilizing agents such as one or more 
onium salts as for example such salts which have 
moieties which are compatible with the polymer forming 

30 the matrix. In the preferred embodiments of the 

invention the moieties are such that the swelling and 
compatibilizing agents are lipophibic such that the 
surface tension, at 20 °C, of the derivatized particle 
is preferably less than or equal to about 55 dyne/cm. 

35 More preferably, between about 55 and 15 dyne/cm, and 
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preferably between 45 and 20 dyn /cm, as determin d by 
measuing the contact angles made by sessile drops of 
liquids on the solid surfaces. Such agents will 
preferably include a lipophilic portion as for example 
5 a long chain alkyl, alkenyl or alkylaryl group 
(preferably of more than about 9 aliphatic carbon 
atoms) . Such agents are veil known in the art and 
include onium compounds having long chain alkyl groups 
such as octadecyl, dodecyl, decyl, pctyl novyl, and the 
10 like. Such optional onium salts are preferably the 
salts of primary and secondary ammonium radicals 
because of their heat stability. In this way the 
surface energy of the platelet particles and the number 
of polymer-reactive sites may be varied to optimize 
15 platelet particle dispersion, polymer-particle 
compatibility, and polymer-particle bonding. 
Illustrative of useful onium species such as ammonium 
(primary, secondary, tertiary, and quaternary) , 
phosphonium or sulf onium derivatives of aliphatic, 
20 aromatic or arylaliphatic amines, phosphines and 
sulfides. Illustrative of such optional onium 
compounds are oxonium compounds of the formula: 

X + - R< 

where X* is an ammonium, sulf onium or phosphonium 
25 radical and R* is an organic radical as for example 
substituted or unsubstituted alkyl, cycloalkenyl, 
cycloalkyl, aryl, or alkylaryl, either unsubstituted or 
substitiuted with amino, alkylamino, dialkylamino, 
nitro, azido, alkenyl, alkoxy, cycloalkyl, 
30 cycloalkenyl, alkanoyl, alkylthio, alkyl, aryloxy, 
arylalkylamino, alkylamino, arylamino, dialkylamino, 
diarylamino, aryl, alkylsulfinyl, aryloxy, 
alkylsulfinyl, alkylsulfonyl, arylthio, arylsulfinyl, 
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alkoxycarbonyl, arylsulfonyl, alkylsilane, and a moiety 
of the formula: 

(-ZCH 2 -CHR 5 ) q -ZR€ 

5 

wherein is alkyl, cycloalkyl, or aryl, R 2 is 
hydrogen, alkyl, or aryl, and Z is -O- or -NR 7 -, where 
R 7 is hydrogen, alkyl, aryl or silylalkyl. 
The amount of reactive si lane swelling 

10 agent/compatibilizing agent intercalated into swellable 
layered materials useful in this invention may vary 
substantially provided that the amount is effective to 
swell and to compatibilize the layers of the 
intercalated layered material to the extent required to 

15 provide the desired substantially uniform dispersion. 
In the preferred embodiments of the invention, amounts 
of agents employed will be equal to or greater than 
about 1 m moles/lOOg of layered material. In the more 
referred embodiments of the invention the amount of the 

20 agent will range from about 2 mmole/ioo g of layered 
material to about 200 mmole/100 g of layered material. 
Most preferred amounts are from about 20 mmole/100 g to 
about 120 mmole/100 g. In the case of the preferred 
smectite clay minerals, the most preferred amounts are 

25 from about 20 mmole/100 g to about 100 mmole/100 g of 
layered material. 

Swellable and polymer-compatible intercalated 
layered material can be formed by any method. The 
reactive organo silane swelling/compatibilizing agents 

30 may be introduced into the inter layer spaces of the 
swellable layered material by any suitable method as, 
for example, by insertion of neutral molecules using 
conventional procedures • Insertion of neutral 
molecules may be performed by exposing finely divided 

35 layered material to intercalants in the form of a gas, 
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n at liquid, finely divided s lid, r solute in a 
solvent which, preferably swells the layered material. 
Insertion is generally aided by exposure of the mixture 
of intercalant and layered material to heat, ultrasonic 
5 cavitation, or microwaves of a montorillonite or a 
saponite in water, may be heated to about 80 *C and 
stirred using a high speed homogenizer mixer, in a 
concentration low enough to yield a low viscosity 
dispersion from which non-dispersible particles can be 
10 separated by sedimentation (mineral concentration of 
about 2% by weight, or 5% to 15% with addition of a 
peptizing agent such as sodium hexametaphosphate) • The 
dispersion is combined with a solution of an onium 
material such as an ammonium salt (as, for example the 
15 hydrochlorides of octadecylamine, 11-aminoundecanoic 
acid, dioctylamine, dimethyldodecylamine, 
methyloctadecyl amine, dimethyldidodecylamine, and the 
like) such that the mole ratio of ammonium salt to 
exchangeable ions in the mineral is between 0.5 and 5. 
20 Intercalated layered materials are formed which are 

intercalated partially or wholly can be prepared by 
treatment of a suitable layered material with reactive 
organo silane swelling/ compatibilizing agents of the 
formula: 

25 

SfcSiR^-n-a) (R ) a 

where R and R 1 are as described above and X is a 
leaving group which is displaceable by or reactive with 
oxide functions on the surface of said layers such as 
halo, alkoxy, acyloxy, amine and the like such as N-(2- 
aminoethyl-3-aminopropyl trimethoxysilane, 
-3-isocyanatopropyltriethoxysilane, 
diethylphosphatoethyltriethoxysilane, 
trinethoxysilylpropylisothiouronium-cblorid , 



30 



35 
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N- (3-trimethoxysilypr pyl) -N-methyl-N, N- 
diallylammonium-chloride N-(3-acyloxy-2-hydroxypropyl) - 
3-aminopropyl triethoxysilane, N- 
(triethoxysilylpropyl)urea, 3-amino propylmethyl 
5 diethoxysilane, l-trimethoxysilyl-2-(p,m-chloromethyl) - 
phenylethane, 

( aminoethy laminomethy 1 ) pheny lethy ltr imethoxy s i lane , 
trimethoxysilylpropyldiethylenetri amine, 
vinyltriethoxysilane , vinyltr is ( t-butylperoxy ) silane , 
10 3- (n-styrylmethyl-2-amino- 

ethylamino) propyltrimethoxysilane hydrochloride, 
pheny ltriethoxysilane , 

3-mercaptopropylmethyldimethoxysilane, 3- 
glycidoxypropyltrimethoxysilane, bis (2-hydroxyethyl) - 
15 aminopropy ltriethoxysilane, (3-glycidoxypropyl) 
methyldiethoxysilane , bis- [ 3- 

(triethoxysilyl) propyl] tetrasulf ide, N-(2-aminoethyl)- 

3 -aminopropy lmethyldimethoxy silane , 

3-aminopropy ltriethoxysilane , allyltrimethoxysilane , 

20 vinyltris (methy lethy lketoximine) silane, and the like. 
Such intercalated layered matarials may be prepard by 
any convenient method. For example, an alkoxy or 
acyloxy silanes, dissolved in water or a mixture of 
water and a polar organic solvent such as methanol, 

25 ethanol, propanol, acetone, methyl ethyl ketone and the 
like, may be combined with a dispersion of layered 
material in a like solution at about 50 °C to about 
90 °C. The reactive silane intercalated layered 
material resulting from this combination may be 

30 collected by filtration dried and ground into powder. 
Other silanes (reactive or non-reactive) and onium 
cation may be combined in the same solution, or may be 
added in separate steps to the dispersion of layered 
material. Alternatively, layered material may be 

35 intercalated wholly or in party by reactive silane 
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swelling/ compatibilizing agent by treating a sw liable 
layered material already intercalated with an onium 
cation with the reactive silane. The reactive 
organosilane compound is preferably in a swelling 
5 liquid, such as dioxane, glyme, diglyme, 

dimethylsulf oxide, methylethylketone, and the like, or 
by treating an aqueous suspension of a layered material 
with water-soluble reactive organo silane 
swelling/ compatibilizing agents such as 
10 trialkoxysilanes. In the preferred embodiments, silane 
intercalated swellable, polymer compatible intercalated 
layered material is formed as follows. Onium- 
intercalated layered materials are suspended and 
swollen in a swelling organic liquid, such as toluene, 
15 propanol, dioxane, glyme, diglyme, dimethylsulfoxide, 
methylethylketone, and the like, and treated with a 
trialkoxysilane. For example, montmorillonite 
intercalated with octadecylammonium cation, at about 80 
mmole of ammonium cation/100 g mineral, is combined 
20 with dioxane to form a 5% by weight suspension which is 
heated to 60 °C and combined with a dioxane solution of 
aminoethylaminopropyl trimethoxysilane, such that the 
ratio of silarie to mineral is about 20 mmole/100 g. 
The silane displaces all or a portion of the ammonium 
25 cation. The layers totally or partially intercalated 
with the reactive silane swelling/compatibilizing agent 
may be separated from the solution by some suitable 
method such as filtration or centrifugation, followed 
by rinsing in fresh water, rough drying, and ball 
30 milling to about 100 mesh powder. The powder may be 
rigorously dried at 100 °C to 160 °C in vacuum for 8 to 
24 h in the presence of a drying agent such as 
phosphorous pent oxide, to provide the desired 
swellable/polymer compatibl intercalated layered 
35 material. 
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The onium i n intercalated precurs r may be form d 
by ion exchange by ionic molecules may be performed by 
suspending the layered material in a relatively 
volatile liquid which is capable of both exfoliating 
5 and dispersing the layers of the intercalated layered 
material and dissolving a salt of the ionic intercalant 
as well as the resulting salt of the ion displaced from 
the layered material (e.g., Na*, Mg +2 , Ca +2 ) , adding the 
salt of the ionic intercalant, and removing the layered 

10 material (now complexed with the new intercalant) from 
the liquid (now containing the dissolved salt of the 
displaced ion) . For example, swellable layered 
minerals such as montmorillonite and hectorite (having 
primarily Na + cations in the inter layer spaces) 

15 % intercalate water to the point that the layers are 
exfoliated and dispersed uniformly in water. 
Dispersion in water is generally aided by mixing with 
relatively high shear. An onium material such as the 
hydrochloride salt of dimethyldodecylamine is then 

20 added in the desired amount after which the layers 

complexed with the ammonium cation are separated from 
the dispersion, washed of residual NaCl, and dried. 

The amount of intercalated layered material 
included in the mixture may vary widely but generally 

25 at least about 0.001% by weight of the composite 

preferably from about 0.001 to about 60% by weight of 
the composite, more preferably from about 0.01 to about 
20% by weight of the composite and most preferably from 
about 0.1 to about 10% by weight of the composite. The 

30 amount of material employed in any particular situation 
will depend to a significant extent on the intended 
use. For example, relatively, larger amounts of 
platelet particles (exclusive of intercalant since the 
intercalant content in the layered material may vary) , 

35 i.e. from about 15% to about 30% by wgt. of the 
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mixture, are used in applications where articles are 
formed by stamping. Substantially enhanced barrier 
properties and heat resistance (deflection temperature 
under load, DTUL) are imparted by platelet particle 
5 concentrations greater than about 2.5%. Similarly, 
substantially enhanced strength is imparted by platelet 
particle concentrations greater than about 1.5%. When 
it is desired to preserve such properties as toughness 
(impact resistance) and elongation which are generally 

10 adversely affected by high loadings of any filler 

material including the nano-scale layered materials of 
this invention, it is preferred that the silicate 
loading be less than about 0.5%. Particle 
concentration within the range 0.05 to 0.5% 

15 significantly enhance modulus, dimensional stability, 
and wet strength (the latter in the case of 
polyamides). Concentrations below 0.5% can be employed 
to increase melt viscosity (useful in film extrusion 
and in fiber melt spinning) or they may be employed in 

20 selected polymers to stabilize a particular crystalline 
phase (useful in the case of nylon 6 to stabilize the 
gamma phase) or limit spherulite size which reduces 
haze and increases optical clarity. In general, the 
amount of material employed is less than about 60% by 

25 weight of the mixture. The amount of material employed 
is preferably from about 0.01% to about 20 % by weight 
of the mixture, more preferably from about 0.05% to 
about 10% by weight of the mixture, and most preferably 
from about 0.05% to about 8% by weight. 

30 The second essential ingredient of the flowable 

mixture is a melt process ible polymer. Polymers for 
use in the process of this invention may vary widely, 
the only requirement is that they are melt processible. 
As used herein, a "polymer" in a substanc composed of 

35 ten or more recurring monomeric units which may be the 
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sane r different. In th preferred embodiments of the 
invention, the polymer includes at least ten recurring 
monomeric units. The upper limit to the number of 
recurring monomeric units is not critical, provided 
5 that the melt index of the polymer under use conditions 
is such that the polymer forms a f lovable mixture. Th 
polymer more preferably includes at least about 20 
recurring monomeric units and most preferably includes 
at least about 30 recurring monomeric units. In the 

10 embodiments of this invention of choice, the number of 
recurring units is such that the polymer has a melt 
index of from about 0.01 to about 12 grams per 10 
minutes at the processing temperature. 

Useful polymers are thermoplastic polymers or 

15 mixtures thereof, and vulcanizable and thermoplastic 
rubbers. Thermoplastic resins for use in the practice 
of this invention may vary widely. Illustrative of 
useful thermoplastic resins are polylactones such as 
poly (pivalolact one) , poly(caprolactone) and the like; 

20 polyurethanes derived from reaction of diisocyanates 
such as 1,5 -naphthalene diisocyanate, 3 , 3 • -dimethyl - 
4,4'diphenyl-methane diisocyanate, 4,4*- 
diphenylisopropylidene diisocyanate, 4,4 ! - 
diisocyanatodiphenylmethane and the like and linear 

25 long-chain diols such as poly(tetramethylene adipate) , 
poly (ethylene succinate), polyether diols and the like; 
polycarbonates such as poly [methane bis (4 -phenyl) 
carbonate], poly[l,l-ether bis (4 -phenyl) carbonate], 
and the like; polysulfones; polyether ether ketones; 

30 polyamides such as poly (4 -amino butyric acid), 

poly(hexamethylene adipamide) , poly (6-aminohexanoic 
acid), poly(2,2,2-trimethyl hexamethylene 
terephthalamide) , and the like; polyesters such as 
poly (ethylene-1 , 5-naphthalate , poly ( 1 , 4-cyclohexane 

35 dimethylene terephthalate) , poly (ethylene oxyb nzoate) 
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(A-Tell), p ly(para-hydroxy ben2oate) (Ekonol), 
polyethylene terephthlate, polybutylene terephthalate 
and the like; poly(arylene oxides) such as poly(2,6- 
dimethyl-l,4-phenylene oxide), and the like; 
5 poly(arylene sulfides) such as poly(phenylene sulfide) 
and the like; polyetherimides; vinyl polymers and their 
copolymers such as polyvinyl alcohol, polyvinyl 
chloride, and the like; polyacrylics, polyacrylate and 
their copolymers such as polyethyl acrylate, 
10 polymethylmethacrylate, polyacrylonitrile, methyl 
methacrylate-styrene copolymers, ethylene-ethyl 
acrylate copolymers, methacrylated budadiene-styrene 
copolymers and the like; polyolefins such as 
poly (propylene) , poly (ethylene) , poly(styrene) , and the 
15 like; ionomers; poly (epichlorohydrins) ; poly(urethane) 
such as the polymerization product of diols such as 
glycerin, pentaerythritol, polyether polyols, polyester 
polyols and the like with a polyesocyanate such as 2,4- 
tolylene diisocyanate, 2,6-tolylene diisocyante, 4,4*- 
20 diphenylmethane diisocyanate, and the like; and 

polysulf ones such as the reaction product of the sodium 
salt of 2,2-bis(4-hydroxyphenyl) propane and 4,4'- 
dichlorodiphenyl sulfone; furan resins such as 
poly(furan) ; cellulose ester plastics such as cellulose 
25 acetate, cellulose acetate butyrate, and the like; 
silicones such as poly (dimethyl siloxane), 
poly (dimethyl siloxane co-phenylmethyl siloxane), and 
the like; protein plastics; and blends of two or more 
of the foregoing. 
30 Vulcanizable and thermoplastic rubbers useful in 

the practice of this invention may also vary widely. 
Illustrative of such rubbers are brominated butyl 
rubber, chlorinated butyl rubber, polyurethane 
elastomers, fluoroelastomers, polyest r last mers, 
35 butadiene/acrylonitrile elastomers, silic ne 
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elast mers, poly (butadiene) , poly (isobutylen ), 
ethylene-propylene copolymers , ethy lene-propy lene-diene 
terpolymers, sulfonated ethy lene-propy lene-diene 
terpolymers, poly (chloroprene) , poly(2,3- 
5 dimethylbutadiene) , poly(butadiene-pentadiene) , 
chlorosulphonated poly ( ethylenes ) , poly(sulfide) 
elastomers, block copolymers, made up of segments of 
glassy or crystalline blocks such as poly(styrene) , 
poly (vinyl-toluene) , poly(t-butyl styrene) , polyester 

10 and the like and the elastomeric blocks such as 

poly (butadiene) , poly(isoprene) , ethylene-propylene 
copolymers, ethylene-butylene copolymers, polyether 
ester and the like as for example the copolymers in 
poly (styrene) -poly (butadiene) -poly ( styrene) block 

15 copolymer manufactured by Shell Chemical Company under 
the trade name of Kraton® 

More preferred polymers are thermoplastic polymers 
such as polyamides, polyesters, and polymers of alpha- 
beta unsaturated monomers and copolymers. 

20 Most preferred polyamers for use in the practice of 

this invention are poly (caprolactam) , 
poly(hexamethylene adipamide) , poly (ethylene 
terephthalate ]T, poly(butylene terephthalate) , 
poly ( 1 , 4-cyclohexane dimethylene terephthalate ) , 

25 poly (ethylene) and ethylene copolymers. More preferred 
are poly (ethylene) and poly (propylene) . 

The mixture may include various optional components 
which are additives commonly employed with polymers. 
Such optional components include nucleating agents, 

30 fillers, plasticizers, impact modifiers, chain 
extenders, plasticizers, colorants, mold release 
lubricants, antistatic agents, pigments, fire 
retardants, and the like. These optional components 
and appropriate amounts are well known to those of 
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skill in the art, accordingly, only the preferred 
optional components will be described herein in detail. 

In the second step of the process of this 
invention, the f lovable mixture is subjected to a shear 
5 having an "effective shear rate". As used herein, an 
"effective shear rate" is a shear rate [as shear rate 
is defined in Ferdinand Rodriguez, "Principles of 
Polymers Systems", McGraw-Hill Book Company, New York 
(1982)] which is effective to delaminate at least about 
10 90% by weight of the intercalated material to form 
platelet particles described above, and provide a 
composition comprising a polymeric matrix having 
platelet particles substantially homogeneously 
dispersed therein. In the preferred embodiments of the 
15 invention, the shear rate is greater than about 10 sec' 
x . In these preferred embodiments of the invention, 
the upper limit for the shear rate is not critical 
provided that the shear rate is not so high as to 
physically degrade the polymer. In the particularly 
20 preferred embodiments of the invention, the shear rate 
is from greater than about 10 sec" 1 to abot 20,000 sec" 
\ and in the most preferred embodiments of the 
invention the shear rate is from about 100 sec" 1 to 
about 10,000 sec" 1 . 
25 Any method which can be used to apply a shear to a 

flowable mixture or any polymer melt can be used. The 
shearing action can be provided by any appropriate 
method, as for example by mechanical means, by thermal 
shock, by pressure alteration, or by ultrasonics. 
30 Methods useful in shearing melts are known in the art, 
and will not be described in great detail. In 
particularly useful procedures, the flowable polymer 
mixture is sheared by mechanical methods in which 
portions of the melt are caused to flow past other 
35 portions of the mixture by us of mechanical m ans such 
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as stirrers, Banbury* type mixers, Brab nder type 
mixers, long continuous mixers, and extrudes. Another 
procedure employs thermal shock in which shearing is 
achieved by alternatively raising or lowering the 
5 temperature of the mixture causing thermal expansions 
and resulting in internal stresses which cause the 
shear. In still other procedures, shear is achieved by 
sudden pressure changes in pressure alteration methods; 
by ultrasonic techniques in which cavitation or 

10 resonant vibrations which cause portions of the mixture 
to vibrate or to be excited at different phases and 
thus subjected to shear. These methods of shearing 
f lowable polymer mixtures and polymer melts are merely 
representative of useful methods, and any method known 

15 in the art for shearing f lowable polymer mixtures and 
polymer melts may be used. 

In the preferred embodiments of the invention, 
mechanical shearing methods are employed such as by 
extrusion, injection molding machines, Banbury** type 

20 mixers, Brabender® type mixers and the like. In the 
more preferred embodiments of the invention, shearing 
is achieved by introducing the polymer melt at one end 
of the extruder (single or double screw) and receiving 
the sheared polymer at the other end of the extruder. 

25 The temperature of the polymer melt, the length of the 
extruder, residence time of the melt in the extruder 
and the design of the extruder (single screw, twin 
screw, number of flights per unit length, channel 
depth, flight clearance, mixing zone etc.) are several 

30 variables which control the amount of shear to be 
applied. 

The process of this invention is preferably carried 
out in the absence of air, as for example in the 
presence of an inert gas, such as, argon, neon, 
35 nitrogen or the like. The process can be carried out 
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in a batchwise r discontinuous fashi n, as for 
example, carrying out the process in a sealed 
container. Alternatively, the process can be carried 
out in a continuous fashion in a single processing 
5 zone, as for example by use of an extruder, from which 
air is largely excluded, or in a plurality of such 
reaction zones in series or parallel. 

Upon subjecting a flowable mixture of said 
swellable intercalated layered material and said 
10 polymer melt to shear mixing, at least about 80% by 
weight, preferably at least about 85% by weight, more 
preferably at least about 90% by weight and most 
preferably at least about 95% by weight of the layers 
of the material delaminate to form platelet particles 
15 substantially homogeneously dispersed in the polymer 
matrix. As used herein, "platelet particles"' are 
particles having two relatively flat opposite faces 
wherein the thickness of which is the distance between 
the faces, which is relatively small compared to the 
20 size of the faces. As formed by this process, the 
platelet particles dispersed in matrix polymers have 
the thickness of the individual layers, or small 
multiples less than about 10, preferably less than 
about 5 and more preferably less than about 3 of the 
25 layers, and still more preferably 1 or 2 layers. In 
the preferred embodiments of this invention, 
intercalation of every interlayer space is complete so 
that all or substantially all individual layers 
delaminate one from the other to form separate platelet 
30 particles. In cases where intercalation is incomplete 
between some layers, those layers will not delaminate 
in the polymer melt, and will form platelet particles 
comprising those layers in a coplanar aggregate. These 
latter platel t particles still constitute nanoscale 
35 and nanodispersed fillers and provide enhanced 
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properties over and above those pr vided by 
conventional micro-scale fillers, as long as they are 
less than about 10 layers thick and preferably less 
than 5 layers thick. The other dimensions of the 
5 platelet particles may vary greatly, but in the case of 
particles derived from clay minerals, the particle 
faces are roughly hexagonal or rectangular having 
average diameters between about 10,000 A and about 50 A 
with a maximum diameter and about 20,000 A, such that 

10 the aspect ratio length/thickness ranges from about 
2000 to about 10 and an average thickness of less than 
about 50A with a maximum thickness of 100 A. For the 
purposes of the present invention, the average diameter 
is defined as the diameter of a circle having an area 

15 equal to the surface area of one broad surface face of 
the platelet shaped particle. In the preferred 
embodiments of the invention the average thickness of 
the platelet particles is equal to or less than about 
20 A with a maximum diameter of about 10,000 A and the 

20 average diameter is between 5,000 A and 100 A. Most 
preferably the average thickness is about from 5 to 
about ISA and the average diameter is from about 2,500 
to about 150 A with a maximum diameter of about 5,000 
A. The most preferred average diameter depends on both 

25 the desired property of the nanocomposite and the ease 
of complete intercalation and delamination to form the 
nanocomposite structure. High aspect ratios, and 
therefore large average diameters, are generally 
preferred for reinforcement and barrier properties, 

30 while layered materials having smaller platelets are 
preferred for their ease of delamination. Thus, for 
purposes of the nanocomposite properties, the most 
preferred average diameter is greater than about 150 A, 
and, for purposes of delamination, it is less than 

35 about 3000 A with a maximum diameter of about 5,000 A. 
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The average interparticle spacing between 
delaminated layers may vary widely after shearings, 
depending on the concentration of layered material. In 
general the higher the concentration of layered 
5 material in the polymer matrix particle the smaller the 
interparticle spacing; and conversely, the lower the 
concentration of layered material, the larger the 
interparticle spacing. In general, interparticle 
spacing is equal to or greater than ISA. The 
10 interparticle spacing is preferably equal to or greater 
than about 2oA, more preferably equal to or greater 
than about 3oA and most preferably equal to or greater 
than about 50A. 

As used herein "uniformly dispersed" is defined as 
15 a degree of dispersion of the platelet shaped particles 
having a standard deviation in platelet particle 
density, down to a sampling volume of lO'^m 3 , which is 
preferably less than about 50% of the mean, more 
preferably less than about 30% of the mean, and most 
20 preferably less than about 20% of the mean as 
determined from estimates based on transmission 
electron microscopy. 

On delamination of the layers in the meet the 
reactive moiety of the organosilane 
25 swelling/compatibilizing agents covanlently bonded to 
the surface of the platelets react with a polymer 
component of the polymeric matrix forming covalent 
bonds. Thus, the matrix is bonded to the surface of 
the particles by way of the residue of this invention. 
30 For example, where the silane bonded to the surface of 
the platelet is of the formula; 
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whre n, R 1 , m and R are as discribed below, during m It 
processing the agent reacts with a polymeric component 
to form a covalent bond such that the component and the 
surface of the platelet by a divalent residue of the 
5 formula: 

H B Si(R l ) B (R-)*„ 

wherein R- is a residue resulting from the reactive of 

10 one or more of R groups with a polymer component of the 
polymer matrix. 

The nanocomposites of this invention exhibit useful 
properties. For example, the nanocomposites of this 
invention exhibit enhance yield strength an tensile 

15 modulus, even when exposed to polar media such as water 
or methanol, enhanced heat resistance and enhanced 
impact strength as compared to the compositions which 
does not include the dispersion layered material as 
compared to polymer composites which do not include 

20 dispersed layered material and those composites which 
do include such composites which have bben intercalated 
with reactive onium compounds as for example those 
described in U.S. Patent Nos. 4,739,007 and 4,810,734. 
The improvements in properties are obtained even though 

25 smaller amounts of the layered material are employed. 
Various useful performance indices can be devised in 
order to jointly assess different performance aspects 
using a single number. Depending upon the nature of 
the devised index, comparisons can be made either 

30 between samples containing the same loading of layered 
material or the index can be more broadly applied to 
polymers having different loadings of clay. For 
example, the effect of adding nanoscale particulate 
fillers dispersed platelet particles to a polymer 

35 typically increases tensile modulus, ultimate tensile 
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strength and heat defl ction't mperature while 
decreasing ultimate elongation and impact strength. In 
the case where combinations of high modulus (Y) and 
high ultimate elongation (aL/L) are required, a useful 
5 performance index for comparing samples with similar 
particulate loading is Y(aL/L). Likewise, when tensile 
strength (S) combined with high ultimate elongation is 
sought, a useful performance index for comparing 
samples with similar loading levels is S(aL/L). The 
10 preferred embodiments of the present invention provide 
a Y(aL/L) of above about 660 HPa (preferably equal to 
or greater than about 800 HPa more preferably equal to 
or greater than about 1000 HPa and most preferably 
equal to or greater than about 1200 HPa) for a loading 
15 of about 2% of nanodispersed layered material such as 
montmorillonite in a melt processible polymer such as 
nylon 6. In contrast, the prior art patents on in- 
reactor nanocomposite blends (U.S. 4,739,007 and U.S. 
4,810,734) provide a maximum Y(aL/L) of about 660 HPa. 
20 Also, preferred embodiments of the present invention 
provide a S(aL/L) of above about 20 HPa (preferably 
equal to or greater than about 25 HPa and more 
preferably eqilal to or greater than about 30 HPa) for a 
loading of about 2% intercalated layered material such 
25 as montmorillonite, while the maximum value for this 
figure of merit obtained in the above mentioned in- 
reactor process patents is about 20 HPa at 2% loading. 
While we do not wish to be bound by any theory, it is 
believed that the unique properties of the 
30 nanocomposites of this invention result from the use of 
reactive organosilane swelling/ compatibilizing agents 
which are compatible with and which react with the 
matrix polymer to become part of the main chain of the 
matrix polymer and which react with the surface of th 
35 layered material to form covalent bonds. The preferred 



WO 93/11190 



PCT/US92/10098 



- 33 - 

reactiv organosilane sw lling/compatibilizing agents 
of this invent! n, which r main bonded to the particl 
surface, interact with the matrix polymer by covalent 
bond formation with the matrix polymer. 
5 Nanocomposites having particularly attractive 

combinations of modulus, tensile strength and ultimate 
elongation are formed using swelling/compatibilizing 
agents, which are bonded to the particle surface and to 
the matrix polymer and which include polymer- 
ic interacting moiety projects away from the particle 
surface which is compatible with the natrix polymer. 
This function is best performed by silane compounds and 
onium compounds (especially ammonium compounds) of th 
type having a lipophilic moiety such that the surface 
15 tension, at 20 °C, of the derivatized particle is 

between about 55 and 15 dyne/cm, and preferably between 
45 and 20 dyne/ cm, as determined by measuring the 
contact angles made by sessile drops of liquids on the 
solid surfaces. Illustrative of these preferred silan 
20 compounds are silanes of the formula; -SiRiR 2 R 3 where R x 
and R 2 are is the same or different at each occurrence 
and are alkyl, alkoxy or oxysilane; and R 3 is organic 
groups which is compatible and reactive with the 
polymer such as aminolkyl, chloromethlaromatic, 
25 isocycinato alkyl, caprolactam-block isocyanato-alkyl 
and the like. Preferably, the silane compound on the 
particle has a surface tension at 20 °C of less than 
about 55 dyne/cm. The nanocomposite compositions 
according to the invention are thermoplastic and, in 
30 some cases, vulcanizable materials from which molded 
articles of manufacture having valuable properties can 
be produced by conventional shaping processes, such as 
melt spinning, casting, vacuum molding, sheet molding, 
injection molding and extruding. Examples of such 
35 molded articl s are components for technical equipment, 
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apparatus castings, househ Id quipment, sports 
equipment, bottles, containers, components for the 
electrical and electronics industries, car components, 
circuits, fibers, semi-finished products which can be 
5 shaped by machining and the like. The use of the 
materials for coating articles by means of powder 
coating processes is also possible, as is their use as 
hot-melt adhesives. The molding compositions according 
to the invention are outstandingly suitable for 

10 specific applications of all types since their spectrum 
of properties can be modified in the desired direction 
in manifold ways. Such molded products of this 
invention will derive one or more advantages over 
products molded with polymers having no nanodispersed 

15 platelet particles including increased modulus, 

stiffness, wet strength, dimensional stability, and 
heat deflection temperature, and decreased moisture 
absorption, flammability, permeability, and molding 
cycle time. 

20 The molding compositions according to the invention 

are outstandingly suitable for the production of sheets 
and panels .having valuable properties. Such sheets and 
panels may be ^shaped by conventional processes such as 
vacuum processing or by hot pressing to form useful 

25 objects. The sheets and panels according to the 

invention are also suitable as coating materials for 
other materials comprising, for example, wood, glass, 
ceramic, metal or other plastics, and outstanding 
strengths can be achieved using conventional adhesion 

30 promoters, for example, those based on vinyl resins. 
The sheets and panels can also be laminated with other 
plastic films and this is preferably effected by co- 
extrusion, the sheets being bonded in the molten state. 
The surfaces of the sheets and pan Is, including thos 

35 in the emboss d form, can be improved r finished by 
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conventional methods, f r example by lacquering r by 
the application of protective films. 

The compositions of this invention are especially 
useful for fabrication of extruded films and film 
5 laminates, as for example, films for use in food 
packaging. Such films can be fabricated using 
conventional film extrusion techniques. The films are 
preferably from about 10 to about 100 microns, more 
preferably from about 20 to about 100 microns and most 

10 preferably from about 25 to about 75 microns in 
thickness. In the film, the major plane of the 
platelet fillers is substantially parallel to the major 
plane of the film. The extent of parallelism of 
particles and film can be determined by X-ray analysis. 

15 X-ray analysis is a useful way to described the 

crystallinity and orientation of polymer crystals and 
the orientation of platelet particles. A convenient 
method of X-ray analysis is that described in Hernans, 
P.H. and Weidinger A., Makromol Chemie . Vol. 44, pp. 

20 24-36 (1961) , hereby incorporated by reference. 

For the purpose of the present invention Op, the 
platelet orientation factor, is an indication of the 
platelet particle orientation in the film. The Op was 
determined by making azimuthal scans from densitometer 

25 tracings of the X-ray photographs which were obtained 
by exposing the edge of the film to the incident X- 
rays. The angle is the angle between the reference 
direction, the normal to the film, and the normal to 
the plane of interest, the major plane of the platelet. 

30 The Op values were calculated as the average cosine 

square (<cos 2 >) for the normal to the flat faces of the 
platelet particles. An Op of 1.0 indicates that the 
faces of the platelets are completely parallel to the 
plane of the film. An Op of 0.0 indicates that the 

35 faces of the platelets are perpendicular to the plane 
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of the film. The Op f the plat 1 ts in the film of 
the present invention is preferably from about 0.70 to 
about 1.0, more preferably from about 0.90 to about 1.0 
and most preferably from about 0.95 to about 1.0. Such 
5 preferred orientation of platelet particles results in 
enhanced barrier properties and increased tare 
strength. 

The homogeneously distributed platelet particles - 
and polymer are formed into a film by suitable film- 
10 forming methods. Typically, the composition is melted 
and forced through a film forming die. The die can be 
a flat die or a circular die. A typical flat die is a 
hanger shaped die, and a typical circular die is a 
tubular film die. 

15 The film of the nanocomposite of the present 

invention may go through steps to cause the platelets 
to be further oriented so the major planes through the 
platelets are substantially parallel to the major plane 
through the film. A method to do this is to biaxially 

20 stretch the film. For example, the film is stretched 
in the axial or machine direction by tension rollers 
pulling the film as it is extruded from the die. The 
film is simultaneously stretched in the transverse 
direction by clamping the edges of the film and drawing 

25 them apart. Alternatively, the film is stretched in 
the transverse direction by using a tubular film die 
and bloving the film up as it passes from the tubular 
film die. The films of this invention may exhibit one 
or more of the following benefits: increased modulus, 

30 wet strength, and dimensional stability, and decreased 
moisture adsorption and permeability to gases such as 
oxygen and liquids such as water, alcohols and other 
solvents. 
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Th following specific examples are pr s nted to 
more particularly illustrate the invention and are not 
to be construed as limitations thereon. 

5 EXAMPLE I 

Two different nylon 6 nanocomposites of 
montmorillonites partially derivatized with polyamide- 
reactive si lanes were prepared by extruding nylon 6 
pellets along with powdered derivatized 

10 montmorillonite. The silane-derivatized 

montmorillonites were prepared by adding alkoxysilane 
to a dispersion of montmorillonite-quaternary ammonium 
cation complex (Claytone AF W ) in refluxing propanol 
(lOOg Claytone AF per 1000 mL propanol) ♦ The silanes 

15 used were (1) the reaction product of 

isocyanatopropyltriethoxysilane with caprolactam, 
referred to here as clay-caprolactamsilane, and (2) 1- 
tr imethoxys i ly 1 -2 - (m , p-chlor omethy 1 ) pheny lethane , 
referred to herein as clay-chloromethylphenyl si lane. 

20 After 3 days at reflux each mixture was filtered, and 
the recovered derivatized clay was washed 4 times in 
fresh hot propanol and vacuum dried at 85 °C. The 
compounding wtfs performed using a Leistritz twinscrew 
extruder with a general purpose screw, and the 

25 extrudate was dried and injection molded. Injection 
molded samples of the nylon 6 nanocomposites and nylon 
6 were tested for their tensile properties according to 
the procedures of ASTM D638 under the following 
conditions: dry as molded, after 14 day immersion in 

30 water at 20 °C, and after 14 day immersion in methanol 
at 20 °c. Dry as molded samples of the nylon 6 
nanocomposites and nylon 6 were also tested for their 
notched impact strength according to the procedures of 
ASTM D256, and for their heat deflection temperature 

35 under a 264 psi load (DTUL 264 psi) according to the 
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procedures of ASTM D648. The results ar s t f rth in 
Tables l, 2, and 3. 
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Table l. Mechanical Pr parties Dry ftg Unified, 



Exp. No. 


Composition 


tensile 
modului, 
psi (MPa) 


yield 

strength, 

psi(MPs) 


ultimate 

elongation 

% 


notched 
impact 

ft-n> 


DTUL 
264 psi, 

(Q 


1 


1.9% clay- 

ciproUctams 

ilane 


573,000 
(3960) 


12,800 
(88) 


12 


0.9 


76 


2 


1.1% clay- 
cloromethyl 
pheny inline 


544.000 
(3760) 


12,600 
(87) 


12 


0.9 


72 


3 


nylon 6* 


400,000 

(2760) 


11,000 

(76) 


80 


0.9 


56 



Table 2. Te n.lle Prapirtt... «t« 14 Dav Water lit 20«C 



I Exp. No. 


1 Composition 


tenaiie 
modulus, 
psi (MPa) 


yield 
strength, 
psi (MPs) 


ultimate 

elongation 

% 


1 


nylon 6 and 
1.9% clay- 
capcolactams 
ilane 


223,000 
(1540) 


6,600 
(46) 


150 


2 


nylon 6 and 
1.1% clay- 
clofomethyl 
1 phenylsUane 


226,000 
0560) 


6,500 
(45) 


140 




nylon 6 


117,000 
(810) 


4,300 
(30) 


250 



15 gable 3. Teneile'prone rtiea. After 14 Pava in Methanol at 2Q'C 



Exp. No. 


Competition 


tensile 
modulus, 
psi (MPs) 


yield 
strength, 
psi (MPa) 


ultimate 

elongstion 

% 


1 


1.9% clay 

caprolactams 

ilane 


103,000 
(710) 


4,300 
(30) 


>200 


2 


1.1% clay- 
cloromethyl 
phenylsilane 


105,000 
(725) 


4,200 
(29) 


>200 


3 


nylon 6* 


72,000 
(500) 


3,400 
(23) 


>200 
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COMPARATIVE EXAMPLE 2 
A series of experiments were carried out to show 
the enhanced properties of the composite of this 
invention which flow from the use of the reactive 
5 silane swelling/compatibilizing agent in comparison 
with the same properties of composites in which the 
swelling and compatibilizing agent is a reactive onium 
compound of the type discribed in U.S.S Patent No. 
4,739,007. Two nylon 6 nanocomposites of 
10 montmorillonite derivatized with ammonium cations were 
prepared by extruding nylon 6 pellets along with 
powdered derivatized montmorillonite. The 
montmorillonite complex of protonated 11- 
aminoundecanoic acid cation was prepared by adding an 
15 aqueous solution of the aminoacid HC1 salt to an 
aqueous dispersion of montmorillonite (about 5% 
montmorillonite) at 80 *C and under high shear stirring. 
The montmorillonite complex of protonated 
octadecylamine cation was prepared by adding 
20 water /methanol (1:1) solution of the amine HC1 salt to 
a dispersion of montmorillonite (about 5% 
montmorillonite) in a liquid of the same composition at 
80 *C and under high shear stirring. The ammonium- 
derivatized montmorillonite was compounded, molded, and 
25 tested according to the procedure of Example 1. The 
results are set forth in Tables 4, 5, and 6 in side by 
side comparison with the results of the testing of the 
composite of this invention. 
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Table 4. Mechanical Pr parties Drv as M lded 



Ex. 
No* 




modului, 
pti (MPi) 


yield 

strength, pn 
(MPi) 


uhtmata 


impact 
ft-Ib 


DTUL 
264 pti, 

(Q 


i 
i 


1 i.yx) ciay- 
capro lactams 
ilane 


(3960) 


(88) 


LA 


0 0 


76 


2 


1.1% clty- 
cloromcthyl 
phenylailane 


544,000 
(3760) 


12,600 
(87) 


12 


0.9 


72 


3 


1.8 56 clay- 
anoic acid 


480,000 
(3320) 


13,300 (29) 


5 


0.4 


70 


4 


nylon 6* 


400,000 
(2760) 


11,000 
(76) 


80 


0.9 


56 



10 



15 



Table 5. TBnaile Propertiea. After 14 Pava Water at 30°C 



Fexp. No. 


ConspoaitfOB 


tensile 
modului, 
pti (MPa) 


yield 
strength, 
pai (MPa) 


ultimate II 
elongation I 
% 


1 


nylon 6 and 
t.9% clay- 
caprolactama 
ilane 


223,000 
(1540) 


6,600 
(46) 


150 


2 


nylon 6 and 
Ufcclay- 
cloiomethyl 
phenylailane 


226,000 
(1560) 


6,500 
(45) 


140 


3 


1.8 % cUy- 
aminoundec 
anoic acid 


190,00 
(1310) 


6,000(41) 


60 


4 | 


nylon 6 


117,000 
(810) 


4,300 
(30) 


" 1 
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Tabl. 6. Tamil. Prooarti... tfttr 1« Dw« in M.th.nol «t 20*C 





I Exp. No. 


Coiopoiition 


teotOe 

modulus, 

p«(MPi) 


yield 

urcntfh, 

puQAH) 


% 




1 


1.9* clay- 
Mpiolacumi 


103,000 
(71Q) 


4300 
<3Q) 


>200 


5 


2 


U%cliy- 
clofometbyi 
phenyliHane 


103,000 
(725) 


4,200 
09) 


>200 




3 


1.8% city- 
■imnoundec 
inoicicid 


100,000 

(W 


3,900(27) 


>200 




4 


nylon & 


72,000 
(500) 


3,400 
(23) 


- 



As shown in Table 5, the two reactive silanes 
XO imparted dry impact strength and tensile strength in 
the presence of water and methanol that was superior to 
that exhibited by comparable nanocomposites having the 
identical montmorillonite derivatized with a reactive 
ammonium cation (protonated ll-aminoundecanoic acid) . 
15 The reactive silanes also imparted a combination of 
tensile modulus and ultimate elongation, both dry and 
in the presence of water, that was superior to the 
clay-aminoundecanoic acid nanocomposites. The reactive 
silanes also imparted DTUL 264 psi values that were 
20 higher than those exhibited by clay-aminoundecanoic 
acid nanocomposites. 



WO 93/11190 



PCT/US92/10098 



- 43 - 

1. Composite material comprising a polymer matrix 
comprising a melt processible polymer and dispersed 
platelet particles having average thicknesses of less 

5 than 50 A and a maximum thickness of less than about 
100A, and having an organo silane residue species 
covalently to surfaces of said particles and organo 
silane species covalently bonded to a polymer species 
in the polymer matrix, said platelet particles being 
10 present in an amount less than about 60% by weight of 
the composite material. 

2. Composite material of claim 1 wherein said 
platelet particles are derived from phyllosilicates. 

3. Composite material of claim 2 wherein said 5. 
15 Composite material of claim 5 wherein said 

phyllosilicates are smectite clay materials. 

4. Composite material of claim 3 wherein said 
smectite clay materials are montmorrillonite or 
hector ite. 

20 5. Composite material of claim 3 wherein said 

organo residue species is of the formula: 

wherein: 

25 (-) is a covalent bond between the silicon atom and 

the surface of the platelet; 
R 1 is an organic radical; 

-R 2 - is a divalent organic chain which bonds the 
silicon atom to a polymer component of the polymer 
30 matrix; 

m is 0, 1 or 2; and 

6. Composite material of claim 5 wherein: 
-R 2 - is an aromatic or aliphatic moiety of the 
formula: 

35 -rV- 
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wherein: 

-R 3 - is a divalent aromatic chain or divalent 
aliphatic chain or a divalent aromatic or an aliphatic 
group having one or more divalent heteroatoms or 
5 carbonyl groups in the chain; and 

-Z 1 - is the moiety which is directly bonded to the 
polymeric component and is selected from the group 
consisting of ~N(R 4 )C(0)N(R*) ,-[C(R 4 ) 2 ]~, -0~, -NR 4 -,- 
C(O)-, -S-, -S(0 2 )- # -S 4 - / -S 2 - f -S(0)- / -S(O 2 )- f -OC(O)-, - 
10 C(0)N(R 4 )- or -N(R 4 )C(0)-; 

R* is the same or different at each occurrence 
hydrogen or alkyl having from 1 to about 4 carbon 
atoms; and 

R t is alkyl, cycloalkyl, alkoxyalkyl, phenyl, 
15 phenylalkyl, alkoxyphenyl or alkylphenyl. 

7. Composite material of claim 7 wherein: 
R x is alkyl of from 1 to 4 carbon atoms; and 
-R 2 - is a moiety of the formula: 

-rV- 

20 wherein: 

-R 3 - is a divalent substituted or unsubstituted 
alkylenephenylene, alkylenephenylenealkylene or a 
divalent moiety selected from the group consisting of: 
-(R 5 -Z 2 )- OR -(R 5 -Z 2 ) r -R 5 - 
25 wherein: 

R 5 is the same or different at each occurrence and 
are substituted or unsubstituted and are alkylene or 
phenylene; and 

r is an integer equal to or greater than 1; 
30 wherein permissible substitutents are one or more 
hydroxy, cyano, or alkoxy or alkyl having from 1 to 
about 4 carbon atoms; 

-Z 1 is -CH 2 -, -NH-, -0-, -0)0)-, -S-, -S 2 -, -S 3 -, - 
S 4 -, -N(H)C(0)- or -C(0) N(H); and 
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-Z 2 - is -0-, -NH-, -OC(O)-, -N(H)C(0)-, -C(O)-, or 
-N(H)C(0)N(H)-. 

8. Composite material of claim 6 wherein said 
polymeric matrix comprises a polyamide, a polyester, 

5 halogenated polyolefin, a polyolefin, a polyvinyl or a 
combination thereof. 

9. Composite material of claim 8 wherein said 
polymeric matrix comprises a polyester, a polyamide, a 
polyolefin or a halogenated polyolefin, with the 

10 proviso that; when said matrix comprises a polyester, 
-Z 1 - is selected from the group consisting of -NH-, 
-N(H)C(0)- and -0-; when said polymeric matrix 
comprises a polyolefin, a halogenated polyolefin or a 
combination therof , -Z 1 - is selected from the group 

15 consisting of -0-,-NH-, -CH 2 -r -S- or -S 4 -; and when 
said polymeric matrix comprises a polyamide, -Z 1 - is 
-N(H)-, -O- or -N(H)C(0)N(H)- 

10. A process for forming a polymeric composite 
which comprises platelet particles dispersed in a 

20 polymeric matrix, said process comprising the steps of: 

(a) forming a flowable mixture comprising a polymer 
melt and a swe liable and polymer-compatible 
intercalated layered material wherein an organo 
silane species is bonded to the surface of the 

25 layers of said material, said species having at 

least one functional group which is reactive with 
at least one polymeric species in said matrix to 
form a covalent bond; and 

(b) subjecting said mixture to a shear having a 

30 shear rate which is sufficient to dissociate all or 

a portion of said layers to form platelet particles 
having an average thickness of less than about 50 A 
and to uniformly disperse said platelet particles 
in said p lymer to form said polymer composite 

35 wh rein said platelet particles are uniformly 
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disp rsed in said matrix and wher in said rgano 
silane species reacts with said component forming 
an organo silane residue which is covalently bonded 
to the surfaces of said particles and said 
5 component. 
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